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Introduction
Murine leukemia viruses (MLV) are a vector of choice for gene delivery in current human clinical trials. The first step in retroviral infection is the binding of the viral particle to a receptor on the target cell. 1 Thus, the expression of the receptor is the major determinant of the susceptibility of mammalian cells to MLV. Naturally occurring murine retroviruses exhibit a variety of five host ranges and interference patterns. 2 The basis of interference patterns and cell tropism is the interaction of the virus envelope with specific cellular receptors. 3 Ecotropic strains of MLV, such as Moloney, Rauscher and Friend, attach to cells utilizing a common cationic amino acid transporter that is confined to mice and rats. 4 The human homologue of the murine amino acid transporter has been identified. The human and mouse transporter proteins share over 87% homology and substitution of just two amino acids in the human protein enables binding and subsequent infection with ecotropic Moloney MLV. 5 However, ecotropic MLV does not infect cells via the natural human cationic amino acid transporter and animals other than rodents are normally completely resistant to Moloney or Friend MLV. The cellular protein subverted by amphotropic MLV strains as a viral attachment receptor is a phosphate transporter 6, 7 shared by primates, mice and rats. This amphotropic receptor is present on many different human cell types but is not ubiquitous, placing a grave restriction on the infection efficiency of this retrovirus. 8 Adenovirus vectors, on the other hand, are able to infect human cells promiscuously at very high efficiency. 9 Adenovirus vectors remain episomal and usually only express the transgene temporarily. In this study, we have combined the use of both retroviral and adenoviral vectors by transducing human cells with a recombinant adenovirus expressing the ecotropic MLV receptor. Transient expression of the receptor permits infection with ecotropic retroviral particles, enabling efficient and persistent retrovirus-mediated gene transfer in human cells. Dual infection with an adenoviral vector expressing the ecotropic MLV receptor followed by infection with a reporter or therapeutic gene delivered by a replicationdefective retrovirus represents a model of gene transduction that may be important for future gene transfer applications.
Results
AdEcoR renders human A549 cells susceptible to ecotropic recombinant retrovirus A recombinant adenovirus encoding the gene for the amino acid transporter that acts as the receptor for ecotropic strains of Moloney leukemia virus was created in 293T cells by recombination between a small linearized plasmid containing the amino acid transporter gene flanked by adenovirus sequences with pJM17, a plasmid containing the circularized Ad5 genome interrupted with pAT153 sequences. Overlap of homologous sequence results in substitution of the left terminal 25% of the genome in pJM17 with the small plasmid sequences, producing a recombinant genome expressing the ecotropic receptor protein under the control of a ␤-actin promotor and CMV enhancers (Figure 1b) . The recombinant genome, lacking the E1A gene, the initial part of E1B, and part of the E3 gene, comprises some 200 bp less than the wild-type genome. This virus, AdEcoR, was grown to passage 7 on 293 cells when the titer exceeded 1 × 10 10 TCID 50 per ml.
To determine whether AdEcoR virus enabled infection with ecotropic MLV, A549 cells were infected with dilutions of viral supernatant stock in DMEM without FBS equivalent to 0, 5, 50 and 250 TCID 50 per cell. Infection with cell-free supernatant containing the recombinant retrovirus encoding the mutated low affinity nerve growth factor, termed NTP, was carried out the next day. Three days later, cells harvested from the dual infected cultures were stained with monoclonal antibody 20.4 and analyzed by FACS. In repeated experiments, expression Figure 2 , where 79% of A549 cells demonstrate NTP expression at the highest adenoviral MOI. The background staining, shown in the lower panel where non-infected cells were incubated with both primary and secondary antibodies, is less than 2%. Therefore, recombinant adenovirus AdEcoR enabled retroviral infection of human cells in a dose-dependent manner. As shown in the central lane, the addition of a control adenovirus, Ad␤gal, to A549 cells has no effect on ecotropic retroviral infection. This control excludes the possibility that endogenous LNGFR stimulated by the adenoviral infection was detected by antibody 20.4, as well as the possibility of non-specific facilitation of retroviral entry by adenoviral infection. Infection with amphotropic Moloney MLV after infection with AdEcoR is shown in the third lane of Figure 2 . The level of NTP expression is not increased by previous infection with AdEcoR at any multiplicity, demonstrating that the effect of AdEcoR is specific for ecotropic MLV. Thus, adenovirus infection does not non-specifically facilitate retroviral infection and the facilitation of ecotropic retrovirus occurs only at entry because amphotropic retrovirus infection was not enhanced. Therefore, ecotropic retroviral infection is solely facilitated by the expression of the ecotropic receptor.
Retrovirus integration in A549 cells is proportional to adenoviral MOI Integration of the retrovirus proviral DNA was quantified by Southern blot analysis after digestion of genomic DNA with the restriction enzyme NheI (Figure 1a) . Hybridization of NIH 3T3 and A549 DNA with an NTP probe shows two bands for endogenous sequences in human DNA, the lower of which is always slightly stronger. The murine LNGFR related genes hybridize weakly with an NTP probe, yielding two indistinct bands ( Figure 3 ). The vector sequence appears as a distinct 1.8 kb band. Proviral DNA was detected in A549 cells only after exposure to amphotropic but not ecotropic retrovirus, unless the cells were first infected with AdEcoR. Murine NIH 3T3 cells, on the other hand, which express both amphotropic and ecotropic MLV receptors, show integrated proviral DNA, with or without previous adenovirus infection, proportionate to retroviral titer. The average vector copy number was assessed by molecular imager by normalizing the level of retroviral provirus detection to that of endogenous LNGFR related genes as given by the NTP:LNGFR ratio. The NTP:LNGFR ratio has been determined as 0.2 per copy per cell based on Southern blot analyses of clonal human cell lines bearing either one or two copies of the retroviral NTP vector per cell. 10 Thus, the NTP:LNGFR ratios can be converted to the average vector number per cell, as indicated in the lower panel of 
Cells remain susceptible to retrovirus infection for at least 3 days after AdEcoR infection
To examine the optimum time for retroviral infection subsequent to AdEcoR infection, A549 cells were plated each day for 4 successive days and infected with adenovirus the day after. Cells were trypsinized on the fifth day and replated at equal cell density. On the next day, the cells were exposed to ecotropic virions under identical conditions. As shown in Figure 4 , the level of NTP expression remained uniform in cells infected with adenovirus 1, 2 or 3 days before, with less than 1% variation in the proportion of NTP-positive cells, whether the cells were infected with an adenoviral MOI of 5, 50 or 250. Cells infected with VSV-G pseudotyped retrovirus (lower panel) expressed NTP regardless of the time of AdEcoR infection. The uniform pattern of NTP expression suggests that a constant proportion of cells expressed the ecotropic receptor and remained susceptible to ecotropic virions for at least 3 days after adenovirus infection. In
Figure 3 Integration of retroviral proviral DNA after infection with AdEcoR. A549 and NIH 3T3 cells were exposed to Ad␤gal (B) or AdEcoR (ER) at 5, 50 or 250 TCID 50 per cell and infected with ecotropic (E) or amphotropic (A) retrovirus the following day. Genomic DNA was extracted from infected cells after a further 7 to 10 days. Hybridization of the transferred DNA with an NTP probe shows an upper band of endogenous LNGFR gene(s) and integrated proviral DNA of 1800 bp. Band intensity was assessed by molecular imager and the values for LNGFR and NTP bands printed below each cell line. The NTP/LNGFR ratio allows an estimate of the average vector copy number integrated in each cell population.
this time interval, the cells had multiplied 2.42-, 3.54-and 3.50-fold (from 50 000 to 121 100, 177 140 and 175 330 cells) when infected with MOI of 250, 50 and 5, respectively. Therefore, these cells must have expressed or passed sufficient ecotropic receptor to the surface of both daughter cells to allow retroviral infection throughout at least two successive cell divisions. The continued susceptibility of cells infected several days before with adenovirus would also suggest that, although the multiplication rate of the cells was affected by adenovirus infection, the cells did not mount a strong defensive response against subsequent retrovirus infection.
The observation that a substantial fraction of A549 cells exposed to retroviral producer cell supernatant overnight, 1 h after adenoviral infection at 250 MOI expressed NTP (Figure 4 , upper left panel) was investigated further to see if adenovirus could enable the non-specific uptake of retrovirus. The increased retroviral infection was only observed with ecotropic particles, required polybrene and was drastically reduced by incubation with retroviral supernatant for less than 12 h (data not shown). Thus, it appears that at a high MOI of AdEcoR, receptor is expressed rapidly enough to enable infection within the retroviral incubation period.
Retroviral transduction of human cells derived from different tissues
To examine if AdEcoR was able to induce ecotropic retroviral infection in cells other than A549, monolayers of a variety of tissue cell types were infected. HeLa cells, like A549, are epithelial and known to be susceptible to adenoviral infection. RC39 and Meso 33, however, are derived from kidney and mesothelium, respectively, tissues not involved in the natural course of adenoviral type 5 infection. More than 50% of cells of all these cell lines can be infected with ecotropic retrovirus at maximum adenovirus MOI ( Figure 5 ). Retroviral infection with amphotropic retrovirus varies for different cell lines but is unaffected by previous adenoviral infection (lower panel). The integration of retroviral provirus in HeLa and RC39 cells is proportional to adenoviral multiplicity as shown in Figure 6 . As for A549 cells, the FACS and Southern analyses are concordant in the low copy number ranges, showing 21 and 36% NTP positive cells and 0.3 and 0.4 vector copies per cell in HeLa and RC39 cells, respectively. With an adenovirus MOI of 50 or 250, the expression of NTP was proportionately less than could be expected from the increase in retroviral integration. The NTP expression in HeLa cells increased from 21 to 46 to 60%, at AdEcoR MOI of 5, 50 and 250, respectively, while the average vector copy number increased from 0.3 to 1.0 to 1.9. Likewise, in RC39 cells, NTP expression increased from 36 to 53 to 51% while vector copy number increased from 0.4 to 2.6 to Ͼ5 vector copies per cell. Thus, as was seen in A549 cells, ecotropic infection was proportional to AdEcoR MOI, but not in a linear fashion.
Discussion
A replication-defective adenovirus that expresses the murine receptor for ecotropic MLV was constructed by recombination in 293T cells. This cell line, incorporating the SV40 large T antigen as well as the adenovirus type 5 E1 genes, 11 produced recombinant adenoviruses approximately five times more frequently than 293 cells (manuscript in preparation). The high transduction efficiency of these cells enables them to form a much more efficient packaging cell line for recombinant adenovirus production than 293 cells.
The recombinant adenovirus was shown to express a functional retroviral receptor by enabling the infection of human cell lines with ecotropic virions which are normally restricted to mouse and rat cells. Retroviral infection was assessed by quantifying retroviral vector integration and expression of the retrovirally encoded NTP marker. The use of an inert surface molecule as a reporter for the detection of viral infection by means of FACS analysis is more rapid and accurate than conventional strategies based on DNA hybridization or amplification. Indeed, the single cell enumeration afforded by FACS makes it possible to quantify the fraction of cells that express the transgene. However, gene transfer must be ascertained by DNA analysis to eliminate transduction artifacts 10 and to quantify the vector copy number present in cells expressing the NTP marker.
Retrovirus-mediated gene transfer was achieved in a high proportion of all four human cell lines tested, derived from lung and cervical epithelia, skin and mesothelium. The expression of retroviral receptor on the surface of cells persisted for at least 3 days, as shown by the undiminished susceptibility of cells to retrovirus infection. The persisting retroviral transduction rate observed over this time frame indicates that the receptor was stably expressed throughout two cell divisions. The maintainance of the proportion of susceptible cells expressing ecotropic retrovirus infection as cell numbers quadrupled indicates that the adenoviral genome, retroviral provirus or the membrane receptor was distributed to every daughter cell of the adenovirus-infected cells. Susceptibility to retrovirus was equally maintained in cells infected at the lowest adenoviral MOI, as well as in cells infected at MOI 50 and 250. These data suggest that, since not all dividing cells would pass on adenovirus genomes, low-copy adenoviral infection is sufficient to generate enough ecotropic receptor expression in target cells to pass on to all daughter cells of infected precursors. However, while high-copy AdEcoR infection is not a prerequi-
Figure 5 Expression of NTP in different human cell lines. HeLa, RC39 and Meso 33, derived from epithelia, kidney and mesothelium, respectively, were not infected (−) or treated with 5, 50 or 250 AdEcoR TCID 50 per cell and with ecotropic or amphotropic NTP retrovirus 24 h later. The proportion of cells expressing NTP after 72 h is shown in each panel.
site for efficient retroviral infection, retrovirus-mediated gene transfer efficiency increased with increasing adenoviral MOI in all cell lines tested. The Southern blot analyses showed that ecotropic receptor expression from adenovirus infection at higher MOI enhances retroviral gene transfer, as reflected in a dramatic increase in average integrated vector copy number.
However, the relative increase in the rate of retrovirusmediated gene transfer decreased at higher adenovirus multiplicity. Uneven adenoviral infection could result in the retroviral infection of only certain cells, with increasing the adenoviral MOI accounting for modest increase in NTP positive cells and a greater increase in vector copy number in that subset. This explanation seems unlikely given the broad spectrum and infection efficiency of adenovirus. Alternatively, a cellular defense response, triggered by adenoviral infection, would be manifest in the 72-h time interval between adenoviral and retroviral infections and could explain the moderate increase in retrovirus-mediated gene transfer at the highest AdEcoR MOI. Adenovirus virions do provoke the induction of interferon, 12 a response that is then inhibited by transcripts of the E1A gene in wild-type infection. Adenovirus deletion mutants without the E1 sequence, such as recombinant vectors, lack the ability to suppress cellular resistance to virus. 12, 13 Thus, while it is probable that interferon is induced by administration of the AdEcoR recombinant vector, the data indicate that cellular resistance is not sufficient to shut out a subsequent retroviral infection. Some degree of viral interference may none the less account for the reduced retroviral infection and NTP expression of adenovirus-infected human cells. A third explanation is based on the existence of other factors restricting retroviral infection. These could be either cell cycling [14] [15] [16] or the presence of rate-limiting cofactors. The former is unlikely in proliferating cells, although a decrease in A549 cell growth rate occurred at high adenovirus MOI. A second receptor could account for reduced retroviral infection despite increased expression of the cationic amino acid transporter. A requirement for a second surface receptor has been found for HIV, 17, 18 suggested for Sendai virus 19 and postulated for MLV, based on the observed absence of correlation between the proportion of human cells expressing the cationic amino acid 
Cells infected with adenovirus at 5, 50 and 250 MOI were subsequently infected with ecotropic (E) or amphotropic (A) NTP-expressing retrovirus. Aliquots of 10 g of cell DNA were hybridized with an LNGFR cDNA probe and the intensity of endogenous LNGFR and NTP bands assessed by molecular imager. The NTP/LNGFR ratio is the relative intensity of provirus to cellular genes. *Underloading of the genomic DNA artificially enhances the NTP/LNGFR ratio.
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transporter and the degree of infection. 20 While the need for a second receptor cannot be excluded, our data indicates that such a coreceptor would have to be widely expressed in human cells. Integration of ecotropic virions in murine NIH 3T3 cells, however, was much more efficient than that achieved with A549 cells infected with adenovirus, even at the highest multiplicity. This difference could reflect the higher expression of cationic amino acid transporter or of a putative second receptor in murine fibroblasts or the absence of viral interference in cells unexposed to adenovirus. Additional studies will be necessary to distinguish between these different explanations.
Other utilizations of a dual-virus infection system have been reported recently. The cloning of the amphotropic MLV receptor in an adenovirus expression vector enabled up to 60% of Chinese hamster cells to be infected with retrovirus and increased the infection rate of some human and mouse cell lines, but not that of primary hepatocytes. 21 The transfer of CD4 by recombinant adenovirus enabled high efficiency of subsequent infection with HIV vectors of human cells possessing the requisite secondary receptor. 22 The retroviral infection efficiency achieved with HeLa cells in the present study (approximately 60% NTP expression with adenovirus MOI of 250) compares favorably with rates achieved through adenovirus-associated virus (AAV) delivery of the cationic amino acid transporter (31% with an AAV MOI of 30 000). 23 It is possible that the codependence for viral factors in AAV and retrovirus lifecycles 24 or inefficient second strand synthesis by helper virus 25 could reduce infection. Each combination of vectors needs to be carefully analyzed. The failure to express retroviral receptors represents a severe limitation to gene transfer in a number of cells, including primitive hematopoietic cells. 26 Cellular quiescence presents another major obstacle to retrovirusmediated gene transfer using MLV-based vectors. [14] [15] [16] Additional factors, including secreted inhibitory proteins, 27 may also contribute to inhibit retroviral infection. However, cells of hamster, mink and rabbit origin transduced with plasmids expressing the ecotropic MLV receptor have not so far demonstrated preclusive blocks to MLV integration and expression. 20, 28 This study demonstrates that bypass of the limitation of receptor availability by recombinant adenoviral expression permits infection of ecotropic retrovirus in human cells. Thus, the dual-virus infection system effectively extends the susceptibility of human cells to retroviral infection to the broad spectrum of the adenovirus. The use of a dual-viral infection system to deliver the retrovirus receptor adds specificity and therefore safety to retrovirus-mediated gene transfer because the susceptibility to retroviral particles is transient and limited to those cells transduced with adenovirus. This dual-virus system may therefore be useful for targeted gene transfer by expressing ecotropic MLV receptor under the control of tissue-specific or inducible promotors. With the development of complement-resistant retrovirus producing cell lines, 29 an in vivo gene therapy protocol following adenovirus infection of tumor cells is feasible. Alternatively, retroviral marking may be used to study the long-term progeny of cells transiently infected with a recombinant adenovirus co-expressing ecotropic receptor and another gene. In this instance, retroviral integration would be used to mark and track the progeny of adenovirus-transduced progenitor cells, long after the adenoviral genome has waned.
Materials and methods
Cell lines and antibodies A549 (a human lung adenocarcinoma cell line, courtesy of Harold S Ginsberg, NIH), NIH 3T3 cells (NIH Swiss mouse fibroblasts, American Type Culture Collection (ATCC) CRL-1658), MSK-RC39 cells (human renal cell carcinoma, MSKCC), HeLa (human epithelioid cervical carcinoma, ATCC CCL-2), 293 and 293T cells (ATCC CRL-1573 and Moira Rosenberg, MSKCC) were grown in Dulbecco's modified Eagle's medium (DMEM) with 10% fetal bovine serum (FBS), 100 IU/ml penicillin/100 g/ml streptomycin, with fresh glutamine. Human mesothelioma cells, Meso 33, kindly provided by Suresh Jhanwar, MSKCC, were grown in RPMI 1640 with the same additives, as well as 5 ng/ml epidermal growth factor, 10 g/ml insulin and 5 mm sodium pyruvate. Murine monoclonal hybridoma 20.4 (ATCC HB-8737) to the human nerve growth hormone receptor was described by Ross et al. 30 Hybridoma supernatant was prepared by growth of 10 7 cells per milliliter for 3 consecutive days in 2% FBS/RPMI 1640 medium. The amphotropic, ecotropic and pantropic retrovirus producer cell lines CRIP NTP 21 and CRE NTP 4 were grown in 10% FBS/DMEM with 1 g/l bicarbonate.
Recombinant adenovirus
A replication defective adenovirus expressing the ecotropic MLV receptor, AdEcoR (Figure 1b) , was created by recombination of plasmid JM17 (a gift of FL Graham, McMaster University, Ontario, Canada) and plasmid pAd⌬1BAEcoR in which the ecotropic MLV receptor gene was inserted between a ␤-actin promotor with CMV enhancers and a SV40 poly A tail. The plasmid pJet, containing the gene for the ecotropic MLV receptor, 31 was a gift of JM Cunningham (Bringham and Women's Hospital, Boston, MA, USA). Recombinant plasmid constructs were linearized and combined at equal, and 5 and 10:1 molecular ratio with pJM17 in 500 l of freshly made HEPES buffered saline (1% glucose, 20 mm Na HEPES pH 7.5, 5 mm KCl, 100 mm NaCl, 7 mm NaH 2 PO 4 .7H 2 O). 62.5 l of 1 m CaCl was added with constant mixing and precipitates were allowed to form for 60 to 90 min at room temperature. HEPES buffered saline containing 5 or 10 g of DNA was plated in 3 ml DMEM without FBS on semi-confluent low passage (passage 30 to 32) 293 or subconfluent 293T cells in triplicate 6 cm dishes and left for 4 to 8 h depending on precipitate density. 293T cells were shocked by replacement of the medium with 10% glycerol in 10% FBS/DMEM for 10 min. 293 Cells were supplemented with 3 ml of 10% FBS/DMEM and left overnight. Cells were allowed to recover to 90% confluency before overlaying with 2% Seaplaque agar (FMC No. 10501)/20% FBS/DMEM. Once set, the dishes were supplemented with 3 ml of medium and checked for plaques of recombinant viral growth at 5 and 10 days after infection. The recombinant adenovirus Ad␤gal, with a CMV promotor, an E. coli LacZ gene and an E3 region deleted (sub360) adenoviral genome, was supplied by the Wistar Institute (Philadelphia, PA, USA).
Adenoviral plaques were passaged twice in 293 cells in 48-well plates. Passage supernatant was boiled, clarified and screened for the presence of ecotropic receptor gene sequences with PCR primers 5ЈACAGCTCAA-CATCTTGCCG (sense) and 5'GCGAATCTGCTGTAA-GACTCG (antisense). Virus was plaque purified from PCR positive 48-well and harvested cells examined for the presence of ecotropic receptor DNA by hybridization of blotted DNA from lysed cells. Recombinant adenovirus stock solutions were prepared from three or four passage virus collected over a cushion of 1.8 g/cc CsCl after centrifugation of 293 cell supernatant at 35 000 g for 90 min. Virions were collected by puncture of tubes with 18-gauge needles and spun again over 1.2 to 1.5 g/cc CsCl continuous gradients. Banded virus was dialyzed for three 2-h periods against TE/25 mm MgCl and stored in aliquots at −70°C.
Titer of stocks was assessed in 100 l aliquots of virus, titrated in 10% DMEM, applied to 293 cells plated at very low confluency (25 000 cells per well or 5% confluency) in quadruplicate in 48-well plates. Viral replication was assessed after 5 to 7 days and the titer calculated as by Reed and Muench. 32 Recombinant retroviruses A recombinant retroviral vector (Figure 1a ) encoding the NTP marker was generated by introducing mutations in the ligand-binding domain and the C terminus of the human low affinity nerve growth factor receptor (LNGFR) 10 and cloned into the MFG vector. 33 Stable producer cell lines were generated by co-electroporation with the plasmid pSV2Neo as described by Riviere and Sadelain. 34 The titer of the ecotropic, amphotropic and pantropic retroviral stocks were assessed as 1 × 10 6 , 1 × 10 5 and 3 × 10 6 infectious particles per milliter, respectively. Virions pseudotyped with the vesicular stomatitis virus G glycoprotein (VSV-G) were generated as described by Gallardo et al. 10 
Viral infection
The optimal adenoviral infection titer was assessed by preliminary infection of semiconfluent A549 cells with varying multiplicity of ␤-galactosidase-expressing recombinant adenovirus Ad␤gal. Viral concentration beyond 250 MOI per cell resulted in greater than 50% cell death. An MOI of 250 was found to slow cell growth and was considered the maximum viral concentration permissible on A549 cells. Prolonged growth of cells exposed to this titer resulted on occasion in the emergence of a progressive cytopathic effect that destroyed the cell sheet. Supernatant from experiments with emergent virus was unable to grow when passaged on A549 cells, indicating that high AdEcoR MOI could bypass the E1A signal resulting in the transcription of structural genes but not in the rescue of wild-type virus from the cell genome.
Human cells were plated in six-well plates 1 day before adenovirus infection at a concentration found to allow subconfluent growth for up to 6 days. The recombinant adenoviral stocks were overlaid in media lacking FBS for 1 h at an adenoviral MOI of 5, 50 or 250 TCID 50 per cell. Preliminary experiments with Ad␤gal demonstrated that expression from recombinant adenovirus was maximal by 24 h after infection and persisted for at least 3 days.
Packaging cell supernatant, filtered through 0.45 m nonpyrogenic syringe filters (Acrodisc 25; Gelman Sciences, Ann Arbor, MI, USA) and containing 8 g/ml polybrene (Aldrich Chemicals, Milwaukee, WI, USA) was applied at saturating retroviral MOI of Ͼ10 TCID 50 for 8-16 h the following day. The retroviral supernatant was replaced with low bicarbonate DMEM containing 10% FBS and left for 3 days to allow integration and expression of the NTP marker. Cells were then trypsinized, washed in 2% FBS/PBS and incubated with undiluted hybridoma 20.4 cell supernatant 29 at 4°C for 20 min. After a further wash, cells were incubated with FITC-conjugated goat antimouse immunoglobulin (Life Technologies, Rockland, MD, USA) diluted 1:80 in 2% FBS/PBS, then analyzed by fluorescence activated cell sorting (Becton Dickinson FACScan), gating on unstained cells.
Southern blot
Doubly transduced cells were grown to confluency in a 10-cm dish. Ten micrograms of genomic DNA, purified in high molarity salt, were digested overnight with 50 units of NheI, a restriction enzyme that digests the proviral DNA as shown in Figure 1a . After overnight migration at 3v per cm, the DNA was transferred to a nylon membrane by capillary action, cross-linked (UV Stratalinker; Stratagene, La Jolla, CA, USA) and hybridized for 1 h with a random primed NTP probe (Amersham Megaprime DNA Labelling System, RPN-1607). Measurement of signal intensity was made using a Fuji Image processor (Fujix 1000 BAS, Sunnyvale, CA, USA).
